Abstract: On a $-per-kW basis, wind turbine prices in the U.S. have declined by nearly onethird on average since 2008, after having previously doubled over the period from 2002 through 2008. These two substantial and opposing trends over the past decade -and particularly the earlier price doubling -run counter to the smooth, gradually declining cost trajectories predicted by standard learning curve theory. Taking a bottom-up approach, we examine seven possible drivers of wind turbine prices in the U.S., with the goal of estimating the degree to which each contributed to the doubling in turbine prices from 2002 through 2008, as well as the subsequent decline in prices through 2010. In aggregate, these seven drivers -which include changes in labor costs, warranty provisions, manufacturer profitability, turbine scaling, raw materials prices, energy prices, and foreign exchange rates -explain from 70% to 90% (depending on the year) of empirically observed wind turbine price movements in the U.S. through 2010. Turbine scaling is found to have been the largest single contributor to the price doubling through 2008, although the incremental cost of scaling has been justified by greater energy capture, resulting in a lower cost of wind generation.
Introduction
A considerable literature has developed using learning curve theory to explore how increases in cumulative wind power capacity (and other factors) have historically driven down wind energy costs (for a brief survey of the peer-reviewed literature, see Wiser et al. 2011a ). The principal parameter calculated by these studies is the learning rate: for every doubling in cumulative production or installation, the learning rate specifies the associated percentage reduction in costs. Learning rates based on historical data are then often used to forecast future cost developments. As an example, Wiser and Bolinger (2011) calculate a learning rate of 14.4% for the installed cost of wind power projects in the United States during the period between 1982 and 2004, meaning that for each doubling in cumulative installed wind capacity worldwide over this period, installed wind project costs in the U.S. fell by 14.4% on average.
These historical cost reductions, in concert with governmental policies and other drivers, helped to fuel rapid growth in the industry, both domestically and abroad, starting around the turn of the century (Figure 1 ). In fact, although wind power technology has been commercially available for decades, more than 90% of all wind power capacity both in the US and worldwide has been installed in just the last 10 years. Over this period, global installed wind power capacity morethan-doubled in the four years from 2002 through 2005, and then again in the three years from 2006 through 2008; it is currently on track to double yet again by late 2011.
Figure 1. US and Global Installed Wind Power Capacity: 1981-2010
Consistent with standard learning curve theory, the most-recent doubling expected by late 2011 has, in fact, been accompanied by significant cost reductions: as demonstrated later in Section 2, wind turbine prices in the U.S. have fallen somewhere on the order of 20%-33% on average since 2008. By some accounts, these turbine price declines, in combination with improvements in turbine design and performance, will result in a lower cost of wind electricity among projects currently being built than has ever before been possible (Wiser et al. 2011b) .
It is important to recognize, however, that the substantial turbine price declines since 2008 started from elevated levels that, themselves, were not consistent with a simple understanding of standard learning curve theory. Rather than the nearly 30% decline in wind project costs that learning curve theory would have expected from 2002 through 2008 as a result of the two doublings in global installed capacity over this period, reported wind project costs in the U.S. actually increased by more than 50% percent over this period , due 1981 1982 1983 1984 1985 1986 1987 1988 1989 1990 1991 1992 1993 1994 1995 1996 1997 1998 1999 1981 1982 1983 1984 1985 1986 1987 1988 1989 1990 1991 1992 1993 1994 1995 1996 1997 1998 1999 This divergence has important implications for the wind industry, policymakers, research and development (R&D) program managers, and energy analysts. With the wind industry only recently becoming a serious contributor to the power sector in the U.S. and globally, it must take care that unexpected cost inflation does not price wind out of the market, leading to demand destruction. Policymakers who count on wind to provide a growing share of the world's electricity needs -and who enact policies aimed to achieve that goal -want reassurances that wind can meet this challenge in a cost-effective manner (and perhaps even eventually wean itself off of direct public policy support altogether). R&D managers need to understand past cost trends in order to target future research most effectively. Finally, energy analysts who have heretofore placed some faith in the simple application of learning curves to project future technology costs must potentially reevaluate their beliefs and develop a more nuanced understanding of the drivers of wind (and other forms of) power costs.
Common to all four sets of stakeholders is a growing need to understand what specific factorsif not learning effects -have been driving recent wind power cost trends, and in particular the doubling in wind turbine prices from 2002 through 2008. This article seeks to contribute to such an understanding, with a specific focus on the cost of wind turbines deployed onshore in the United States. In doing so, it builds on the work of other studies that have begun to develop a deeper understanding of historical renewable energy cost drivers beyond simple, traditional concepts of learning (see, e.g., Ferioli et al. 2009 , Nemet 2006 Papineau 2006 , Yu et al. 2011 as well as those that have examined in some detail other causal influences to wind power costs, both on-and offshore (e.g., Berry 2009 , Bolinger and Wiser 2009 , BWEA & Garrad Hassan 2009 , Carbon Trust 2008 , Dinica 2011 , Ernst & Young 2009 , Greenacre et al. 2010 , Milborrow 2008 , Willow & Valpy 2011 To set the stage, Section 2 documents the increase in onshore wind turbine prices from 2002 through 2008 and the subsequent decline through 2010 using empirical data from the United States, as well as data provided by Vestas -the second-largest wind turbine supplier in the US market over this period. Section 3 examines seven different drivers that have been implicated to varying degrees in the run-up in wind turbine prices through 2008. Based on the analysis in Section 3, Section 4 presents the approximate degree to which each of these seven drivers, both individually and in aggregate, is found to have contributed to the overall movement in wind 1 This article, however, employs a looser and more-generalized interpretation of technology learning than much of this existing literature, and also focuses on a shorter time frame. For example, whereas Nemet (2006) attributes historical reductions in the cost of photovoltaics over a 26-year period among seven cost drivers, and then estimates the extent to which each of those drivers was influenced by technology learning, this article focuses primarily on just a seven-year period of increasing turbine prices, and only loosely separates price drivers into those that could possibly be influenced by technology learning (i.e., labeled herein as endogenous drivers) and those that likely are not (i.e., exogenous drivers). The fact that turbine prices rose rather than fell over the seven years of interest mitigates the need for a more rigorous attribution of learning vs. non-learning effects -i.e., rising prices alone are a clear enough indicator that influences other than technology learning were at work during this period. 2 Related literature has also sought to explore the historical cost drivers for coal (e.g., McNerney et al. 2011 ) and nuclear (e.g., Koomey and Hultman 2007). 4 turbine prices over this period. Section 5 concludes by drawing insights from the analysis, and using them to look ahead to 2011 and beyond.
Before proceeding, we emphasize that this article focuses solely on wind turbine prices, rather than on the total installed cost of wind projects (which also includes balance of plant costs) or on the levelized cost of wind generation (which is further affected by financing terms, operating and maintenance expenses, and the amount of electricity generated). For the purposes of this article, a wind turbine's price is assumed to cover the tower, nacelle (and all of the components therein, such as the generator), and a rotor with blades, all delivered to the project site -foundations and other balance of plant work are not considered to be included in a turbine's price. In general, wind turbine prices account for roughly 60%-70% of total installed project costs, and a slightly lower percentage of the levelized cost of wind generation (due to the latter also reflecting O&M and financing costs). Though it is ultimately the levelized cost of generation that is the most important of these three cost metrics, understanding trends in wind turbine pricing is a critical element to understanding trends in the levelized cost of wind generation.
Wind Turbine Price Trends in the United States
Berkeley Lab has gathered price data on 81 U.S. wind turbine transactions totaling 23,850 MW announced from 1997 through early 2011. Because of limitations in the data sources -most of which are press releases and news reports -the precise content of many of the individual turbine transactions is not known, though most transactions likely include only the turbines and towers delivered to the project site, as well as limited warranty and service agreements. Balance of plant ("BOP") construction, including foundation construction and turbine erection, is most often handled separately by engineering, procurement, and construction ("EPC") contractors (Bloomberg NEF 2011a , Fowler 2008 . 3 Nevertheless, because of this uncertainty and the fact that our data sources are diverse, emphasis should be placed on overall trends in the data, rather than on individual data points. (Vestas 2011b (Vestas , 2011c (Vestas , 2011d and converted into 2010 U.S. dollars.
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Figure 2. Wind Turbine Prices in the United States
After hitting a low of roughly $750/kW from 2000 to 2002, average wind turbine prices doubled through 2008, rising to an average of roughly $1,500/kW. Wind turbine prices have since declined substantially, with price quotes for transactions executed in 2010 and to date in 2011 ranging from $900-$1,400/kW. These figures suggest price declines of as much as 33% or more since late 2008, with an average decline closer to perhaps 20% for orders announced in 2010 (as opposed to in 2011). As of July 2011, BNEF (2011c) was reporting U.S. transactions averaging $1,100/kW, though actual prices are highly dependent on the selected turbine design, with technology designed for lower wind speed sites (i.e., deploying higher hub heights and larger rotor diameters) coming in at higher pricing points.
U.S. diminished, leaving many developers holding more turbines than they could reasonably deploy, and therefore reducing demand for new turbine orders. 5 The prices reported by Vestas are derived from order intake (in billion Euros) divided by MW ordered, and represent "averages for all markets, all contract types, all project sizes and all products." As such, unlike the other data points in Figure 2 , the Vestas averages are not exclusively U.S.-specific, likely include a higher prevalence of "supply-and-install" and "EPC/Turnkey" contracts, and also presumably include some offshore wind turbines. That said, the fact that the Vestas prices match up quite well with the polynomial trend line from the Berkeley Lab turbine transaction sample suggests that these factors may not unduly influence the averages (e.g., offshore wind still accounts for a relatively small portion of Vestas' turbine sales). Regardless, the Vestas prices are only included here as a benchmarking exercise -i.e., to confirm the trends revealed through our empirical transaction sample -and are not used in any of the later analysis (although given that much of the later analysis relies on other types of data from Vestas, it is comforting to see the general agreement between the Vestas reported turbine prices and the empirical turbine prices used in the analysis). Though other generation technologies experienced similar cost trends over this period, 6 these large swings in wind turbine prices merit an explanation. Moreover, the fact that the cumulative global installed capacity of wind power doubled twice during the period of rising prices suggests that we must look somewhere other than traditional learning curve theory for this explanation.
Wind Turbine Price Drivers
Taking a bottom-up approach, this section examines seven potential drivers of wind turbine prices in the United States, with the goal of estimating the degree to which each contributed to the increase in turbine prices from 2002 through 2008, as well as the subsequent decline in prices through 2010; continued turbine price reductions experienced in the first half of 2011 are addressed to only a limited extent, in Section 5. 7 The first four of these drivers can be considered, to at least some degree, endogenous influences that should benefit from learning: these include labor costs (which are impacted by labor rates and quantities, the latter of which is endogenous), warranty provisions (which reflect technology performance and reliability, and are most often capitalized in turbine prices), turbine manufacturer profitability (which can impact turbine prices independently of costs), and turbine design (for the purpose of this analysis, principally manifested through increased turbine size). The other three drivers analyzed in this study can be considered largely exogenous in that they can impact wind turbine costs but are not readily affected by learning in the wind industry, and include changes in the commodity price of raw materials and energy inputs to manufacturing processes, as well as movements in foreign exchange rates. Figure 3 shows the cumulative change (since 2001) in each of these seven potential turbine price drivers (individual lines), as well as all seven drivers combined (shaded columns), all expressed in terms of 2010 $ per kW. The next seven sections -Sections 3.1 through 3.7 -describe each of these drivers as well as its impact on turbine prices, as shown in Figure 3 . Before proceeding, however, we note that Sections 3.1 through 3.3 -on labor costs, warranty provisions, and turbine manufacturer profitability, respectively -draw heavily from the financial reports of one of the largest wind turbine manufacturers in the world -Vestas. Though it is not the intent of this article to focus exclusively on Vestas turbines or reach conclusions that are applicable only to Vestas, relying on Vestas' financial data as a proxy for the entire U.S. market is nevertheless both necessary (e.g., Vestas is the only pure-play turbine manufacturer to serve the U.S. market and file the relevant data over this period) and logical (e.g., Vestas was the second-largest turbine 6 It is important to recognize that the wind power industry was not alone in seeing upward pressure on project costs in the years prior to the global financial crisis -other types of power plants experienced similar increases in capital costs. In September 2007, for example, the Edison Foundation published a report showing increases in the installed cost of both natural gas and coal power plants that rival that seen in the wind industry, with cost drivers overlapping those that are highlighted for wind in the present study (Chupka and Basheda 2007) . Similarly, the IHS CERA Power Capital Cost Index ("PCCI") of coal, gas, solar, and wind power plants indicates that the average cost of these power plants increased by 90% from 2000 through 2008 (IHS CERA 2011), and have since declined by roughly 10% (though the index has recently begun to creep higher once again). Cost increases for conventional power plants are also covered in Winters (2008) . 7 To clarify, the period of interest to this analysis is [2002] [2003] [2004] [2005] [2006] [2007] [2008] [2009] [2010] . In order to capture changes that took place in 2002, however, we must also rely on data from 2001. As such, 2001 data are reported in some cases throughout the document.
supplier to the U.S. market during this period), for reasons explained in Bolinger and Wiser (2011) . 
Labor Costs
Learning effects should theoretically drive down labor costs. As more and more technology is manufactured and deployed, manufacturers should become more efficient at utilizing -or even in some cases eliminating (e.g., through automation) -labor. When the pace of deployment is so rapid that it strains the supply of available labor, however, short-term cost increases are possible. Such was the case with the dramatic growth in installed wind power capacity over the past decade. As wind turbine and component manufacturers scrambled to address the scarcity of turbine supply, labor costs rose, leading to upward pressure on wind turbine prices. 8 In converting to 2010 dollars, we first inflate the reported nominal Euros for all years to 2010 Euros using a Euroarea GDP deflator. Next, we convert the 2010 Euro amounts for all years into 2010 USD using the average 2010 USD/EUR exchange rate. In other words, we convert all years from EUR to USD using a single exchange rate, and as such we do not capture the impact of movements in the exchange rate over time on labor costs. This is by design, since exchange rate impacts are calculated separately later, in Section 3.7. Finally, we use MW delivered rather than MW produced and shipped for two reasons: (1) most importantly, Vestas did not publish data on MW produced and shipped prior to 2005; and (2) Vestas has recently shifted its accounting to focus more on deliveries than shipments. That said, we do acknowledge that "MW produced and shipped" is likely a more appropriate denominator than "MW delivered" for measuring per-unit labor costs, given that the production and shipment of turbines is more closely linked (temporally) with the utilization of Vestas labor, particularly for the supply-only contracts that dominate the U.S. market. Not included here is an analysis of labor costs faced by component suppliers, for reasons discussed later in Section 3.3. However, if trends among component suppliers mirror those of the major turbine suppliers for which data could be obtained (Vestas and Suzlon) , then the impact of labor costs on the turbine price trends presented in Section 2 would be even greater than estimated above.
Warranty Provisions
In most cases, turbine prices include the expected cost (properly discounted) of standard warranty terms. In some cases, the expected cost of any extended warranties or service contracts entered into at the time of turbine sale may also be capitalized into the turbine price. In either instance, the amount set aside by turbine manufacturers to pay for future warranty obligations will depend in large part on how reliable a turbine is perceived to be, which in turn will reflect current and past operating experience with similar machines. Increases or decreases in actual warranty claims will eventually influence the size of the warranty provisions set aside for future claims, which in turn will impact wind turbine prices. (2011) explain why and how the synthetic time series was constructed. The conversion to 2010 $/kW (delivered) was accomplished exactly as described earlier for labor costs -i.e., by design, the impact of exchange rate movements over time are not captured here.
The rather steep $78/kW increase in warranty provisions through 2005 reflects concerns throughout the industry in the early-to-mid-2000s about turbine reliability and warranty claims for both on-and offshore projects. For Vestas, the most visible manifestation of this concern (though involving an offshore project) was the well-publicized replacement of all 80 transformers and generators at the 160 MW Horns Reef wind project within just two years of its 2002 commissioning. In late 2005, Vestas implemented the "Will to Win" campaign, which focused on returning the company to healthy profitability through a dual strategy of cost reduction and price increases (Vestas 2005) . One of the first acts of this campaign was to reduce the standard turbine warranty period to just two years ( 
Turbine Manufacturer Profitability
Wind turbine manufacturers must be profitable to remain in business. In the face of rising costs, profitability can only be maintained by raising turbine prices commensurately -these costrelated price increases are quantified in other sections of this article that focus on labor, warranty, raw materials, and energy costs (and, more subtly, foreign exchange rate movements). In contrast, this section focuses on changes in profitability itself (i.e., independent of costs). For example, the "seller's market" for wind turbines that developed starting in 2005 provided an opportunity for wind turbine manufacturers to increase their profitability by raising prices above and beyond the amount required to cover rising costs. Conversely, the dwindling number of and intense competition for new orders since the global financial crisis of 2008/2009 has led to price reductions, partially achieved through lower profit margins. This section estimates changes in wind turbine prices attributable to changes in turbine manufacturer profitability. Figure 3 shows the cumulative change in a synthetic time series of Vestas' operating profit (i.e., earnings before interest and taxes, or "EBIT") back to 2001; Bolinger and Wiser (2011) explain why and how the synthetic time series was constructed. Once again, the conversion to 2010 $/kW (delivered) was accomplished as described earlier for labor costs -i.e., by design, exchange rate movements over time are not captured, since they are analyzed separately in Section 3.7. Of course, no wind turbine manufacturer is 100% vertically integrated; all manufacturers buy varying amounts of parts and components from specialized suppliers. As such, it is not just the profitability of Vestas (or any other wind turbine manufacturer) that influences wind turbine prices; the profitability (and labor costs, discussed earlier) of turbine component suppliers will also have an impact. Quantifying component supplier profitability (and labor costs) is challenging, however, because many component suppliers are not publicly traded (which limits the type of financial information they are required to disclose), and those that are often manufacture many other goods besides wind turbine parts (making it difficult to isolate windrelated impacts). Even if a representative data sample were available, it is not clear how one would go about quantifying impacts on a $/kW basis. 9 For these reasons, our analysis does not include the impact of component supplier profitability (and labor costs), while acknowledging that such impacts do exist and have likely exacerbated the trends presented above for Vestas. Bloomberg NEF (2009), for example, reports that in the wake of the financial crisis, that both turbine and component manufacturers have experienced lower EBIT margins.
Increasing Turbine Size and Energy Capture
The average nameplate capacity of wind turbines installed in the U.S. doubled over the period of study, from just under 0.9 MW in 2001/2002 to nearly 1.8 MW in 2010 ( Figure 4) . Along with this doubling in capacity, the average turbine hub height and rotor diameter also increased: hub height by one-third (from just under 60 meters to 80 meters) and rotor diameter by nearly twothirds (from just over 50 meters to nearly 85 meters). Because mass scales more rapidly than height or length -e.g., taller towers are not only taller, but also need to be wider and thicker (and therefore heavier) to support the extra height -the rapid growth in turbine size has also impacted wind turbine prices on a $/kW basis. The fact that the capital cost of turbines can increase with size is widely understood (e.g., Dinica 2011 , EWEA 2009 ), but the advantages in terms of lower balance of plant costs and higher levels of energy production typically outweigh those turbine price increases. To analyze the impact of turbine up-scaling, we use the wind turbine cost and scaling model developed at the National Renewable Energy Laboratory ("NREL") and described in Fingersh et al. (2006) . The model consists of a series of cost functions developed in the early-to-mid-2000s and based on a 1.5 MW turbine platform -i.e., more or less right in the middle of both our time 11 period of study and turbine size range. The functions calculate how both mass and costs might change in response to changes in certain turbine design parameters such as nameplate capacity, hub height, and rotor diameter. The model also estimates how turbine scaling affects the levelized cost of electricity ("LCOE") generated by the turbine, based on general wind shear assumptions, power curve data, and other parameters.
Figures 3 and 5 provide the results of simply inputting each combination of average nameplate capacity, hub height, and rotor diameter from Figure 4 into the NREL scaling model. As turbine capacity and size scales up, so does mass, which in turn increases the estimated cost of the manufacture and transport of the turbine -by roughly $230/kW since 2001 ( Figure 4) . As noted earlier, however, this capital cost increase is not without benefit - Figure 5 shows that larger and taller turbines deliver higher capacity factors and a lower levelized cost of electricity. In other words, unlike most of the other factors that have driven turbine prices higher over the period of study, turbine up-scaling is the result of a conscious decision to design larger and more powerful turbines that can capture more of the wind's energy and convert it to electricity at lower costs. In this case, the benefit (lower LCOE) outweighs the incremental cost (higher $/kW turbine price) of scaling. Before leaving this driver, however, a handful of caveats are in order. First, the NREL cost model relies on standard relationships between component size, weight, and other design parameters; to the extent that design innovation has fallen outside the bounds of these standard relationships, actual scaling-related cost influences may have differed from what is presented above. Second, the analysis above was focused exclusively on turbine scaling, but turbines today also have features and capabilities that exceed those that were available in the early 2000s (e.g., sophisticated control systems, grid-friendly features, etc.). These additional design and engineering improvements -many of which were likely implemented to boost reliability in the face of the rising warranty claims/provisions discussed earlier in Section 3.2 -impose an additional cost (and benefit) that is not captured by our focus on scaling alone. Third, all of the capacity factor and LCOE estimates in Figure 5 reflect an average wind speed of 7.25 m/s at 50 meters (corresponding to a Class IV wind resource) and no subsidies. To the extent that the turbine scaling shown in Figure 4 has been associated with a shift towards the development of lower-wind-speed sites (e.g., Class III rather than Class IV), the increase in capacity factor and decline in LCOE shown in Figure 5 could therefore be over-stated. Fourth, the increase in capacity factor is due in part to the fact that the average turbine's rotor swept area has increased relative to its nameplate capacity over this period -a change that automatically boosts capacity factor, even absent other scaling or efficiency improvements. Finally, the LCOE calculations only capture scaling-related impacts on initial capital costs and energy capture, and do not account for the potential impacts of scaling on operating costs (i.e., the NREL model simply assumes that O&M costs do not change with scaling). The impact of this omission is unclear: on one hand, replacement parts for larger turbines will likely be more expensive (a positive correlation between scaling and operating costs); but on the other hand, for a given amount of capacity there will be fewer parts to replace, fewer turbines to climb, etc. (a negative correlation between turbine scaling and operating costs).
Raw Materials Prices
Wind turbines are material-intensive. Each individual tower, perhaps extending eighty meters or higher, may require several hundred metric tonnes of steel. Significant amounts of fiberglass and resin are required for the blades and nacelle. Iron, copper, and aluminum are also commonly used for various elements of the drive train and generator. Sustained movements in the price of any of these raw materials could explain part of the increase and subsequent decrease in turbine prices over the past decade, just as similar trends impact the cost of other forms of power generation equipment (e.g., Chupka and Basheda 2007) . Using somewhat different approaches and data sources, previous efforts to estimate these impacts on wind energy include Greenacre et al. (2010) and Milborrow (2008) . Table 1 provides a breakdown, by mass and percentage of total mass, of the five major materials used to manufacture four different wind turbine models -three from Vestas and one from Gamesa -which span a significant range of nameplate capacity (from 1.65 MW to 3.0 MW), rotor diameter (from 80 to 112 meters), and tower height (from 67 to 84 meters). The data are compiled from life-cycle analyses ("LCAs") of wind power projects using these four turbine types. Although these LCAs often provide more detail than reported here, Table 1 consolidates closely related materials (e.g., different types of steel) into single categories where logical, while ignoring other minor (at least in terms of mass) materials whose costs are difficult to track (e.g., electronics). In all cases, materials used in the foundations of these turbines (e.g., steel rebar and concrete) are excluded from Table 1 , since the empirical turbine prices shown earlier in Figure 2 are generally assumed to not include foundation costs, which, again, most often fall under BOP or EPC contracts and are not covered in the present study.
The bottom of Table 1 , which presents the mass of each of the five materials categories expressed as a percentage of total turbine mass, reveals two important findings that enable us to simplify the present analysis. First, the fact that these five materials account for more than 98% of the total mass of each of these four turbines suggests that focusing the analysis on just these 13 five materials, rather than on the more-detailed breakdown of materials that can be found in some LCAs, is sufficient. 10 Second, the fact that the distribution of mass among these five materials is relatively consistent across the four different turbine models suggests that the analysis will yield similar results regardless of which turbine is analyzed. Because, however, the 1.65 MW turbine most closely matches the average turbine size over the study period (see Figure  4) , and because Vestas has installed a substantial number of 1.65 MW turbines in the U.S. (more than it has any other size turbine) over the entire study period, the analysis of raw materials (and later energy) prices focuses exclusively on the Vestas V82 1.65 MW turbine (i.e., the first data column of Table 1 ). Martínez et al. 2009 , Elsam 2004 , D'Souza et al. 2011 Figure 6 shows the cumulative percentage change in prices (in real 2010 dollar terms) since December 2001 for each of the five materials listed in Table 1 (Appendix A of Bolinger and Wiser (2011) provides details on how the individual time series price data for each material were sourced and constructed). With the exception of fiberglass/resin, the prices for all other materials shown in Figure 6 have escalated at rates faster than the general rate of inflation over this period. Specifically, the four metals experienced massive price increases that uniformly peaked in mid-2008, before plunging sharply through the end of that year as a result of the global financial crisis. Notably, metals prices have since moved higher once again.
Figure 6. Cumulative Price Change in Raw Materials Since December 2001
Assuming full pass-through of the commodity price changes shown in Figure 6 to the price of materials used to manufacture the Vestas V82 1.65 MW turbine, 11 the run-up in raw materials prices from 2002 through 2008 is estimated to have added roughly $71/kW to wind turbine prices (Figure 3) . A significant portion of this increase ($47/kW) was erased in 2009 as metals prices plunged, but the recovery in prices in 2010 added back $16/kW. Among the five materials analyzed, the price of steel has had by far the largest impact on turbine prices (during both the period of increase and decrease), reflecting the relative importance of steel in terms of both mass and turbine price contribution (Table 5 in Section 4 shows results by individual material).
Energy Prices
Life-cycle analyses of wind projects find that the amount of electricity generated by the project during its operating phase far outweighs the amount of energy consumed by all other life-cycle phases combined (for a literature survey, see Wiser et al. (2011) ). In most cases, the "energy payback period" is found to be less than a year. Nevertheless, it does take a significant amount of energy to manufacture a wind turbine and transport it -often over long distances -to a project 11 In the short term, changes in the price of raw materials may not flow through completely to wind turbine prices, for a number of reasons. Wind turbine manufacturers and their component suppliers may have long-term contracts or price hedges in place that serve to limit the impact of short-term fluctuations in commodity prices. In addition, manufacturers may be willing to absorb (in the case of rising raw materials prices) or reluctant to pass along (in the case of falling materials prices) short-term changes in commodity prices, to gain market share or expand profit margins, respectively. Over the longer term, however, changes in the costs of production will presumably flow through more completely to the price of finished goods. And even over the short term, turbine manufacturers generally prefer to index the price of their turbine supply agreements to commodity price movements. For example, Vestas' 2010 annual report states that Vestas does hedge commodity price risk by entering into long-term contracts, but that "In general, however, Vestas seeks to incorporate commodity price developments into its sales contracts. The final project price typically depends on developments in a number of key parameters, especially commodity prices. Where a customer seeks certainty for the final project price, this is reflected in a premium that compensates Vestas for the risk undertaken" (Vestas 2011a ). Real Price Change in Materials site, and a sharp rise in the cost of energy used during these two phases could, therefore, have an impact on wind turbine prices. This section explores this possibility.
As it was in the previous section, Vestas' LCA of its V82 1.65 MW turbine (Vestas 2006b ) is also the principal source used here for the amount of energy consumed during the manufacture and transport of a wind turbine. Table 7 of Vestas (2006b) shows the consumption of a variety of primary energy sources -including hard coal, lignite (soft coal), crude oil, natural gas, uranium, and a variety of renewable fuels (biomass, wind, hydro, solar, geothermal) -over the life of a V82 wind turbine, but does not break out energy consumption by life-cycle stage (we are only interested in the two stages that impact turbine prices -i.e., manufacturing and transport). Table 6 of Vestas (2006b) does provide such a breakout, but only for the fossil fuels. If one assumes, however, that all of the nuclear and renewable fuels listed in Table 7 (of Vestas 2006b) are consumed during the manufacturing stage, 12 then one can use the numbers provided in that table for these resources, while using fossil fuel consumption from just the "Production" and "Transport" columns of Table 6 (of Vestas 2006b ). Adding all of these together suggests that the amount of primary energy consumed during just the manufacturing and transport stages of the turbine's life cycle comes to 9.36 GJ/kW in total ( A Fossil fuels are a combination of "Production" and "Transport" columns from Table 6 of Vestas (2006b) , converted to MJ/kWh using conversion factors in Table 7 of Vestas (2006b) . All other fuels are pulled directly from Table 7 of Vestas (2006b). One more transformation is then required for the present analysis. Like most life-cycle analyses, the Vestas V82 LCA tracks the amount of primary energy consumed by the turbine over its lifetime. Primary energy is the most basic and comprehensive expression of energy needs, and 12 Presumably very little nuclear or renewable power is used during the transport and operations stages of the life cycle. Though some may be used during the disposal stage, it is perhaps just as likely -based on the fossil fuel numbers from Table 6 (of Vestas 2006b) -that nuclear and renewable resource consumption during the disposal stage is negative, reflecting a recovery of some of the energy used to manufacture the turbine originally due to materials recycling. On balance, therefore, the most logical course of action is to simply attribute all of the nuclear and renewable power to the production stage. Even if this attribution is not entirely correct, any error only affects 11% of total energy consumption, thereby minimizing its overall impact. 13 Although the boundaries of the various life-cycle stages can vary by LCA (e.g., some include turbine erection within the transport phase, while others do not), thereby limiting the usefulness of comparisons, several other Vestas LCAs reviewed for this article find similar energy consumption among the first two life-cycle phases (manufacture and transport). For example, the LCA of the Vestas V90 3.0 MW turbine (Vestas 2006a) includes not only the energy consumed during the manufacturing process (for example), but also the energy embodied in the manufacturing inputs themselves (e.g., the energy required to convert iron ore into usable steel). Although this focus on primary energy is appropriate for calculating the turbine's lifetime energy payback (i.e., one of the goals of most LCAs), it is problematic for the present purposes, in that the raw materials prices analyzed previously in Section 3.5 already include the cost of the embodied energy used to produce them. To avoid double-counting, embodied energy must therefore be removed from total primary energy consumption. A Includes steel used in turbine foundation; hence, this mass does not match that shown earlier in Table 1 , which excluded foundations. B The primary energy content of steel and aluminum represent the average of the minimum and maximum values provided by Schleisner (2000) . C Schleisner (2000) does not include fiberglass, so the energy content provided for "Plastic (polyester and epoxy)" is used instead.
Schleisner (2000) provides an estimate of the amount of primary energy required to produce, transport, and manufacture a single kilogram of a variety of materials, including most of the materials used to build a wind turbine. Specifically, all materials listed in Table 1 of the previous section -with the exception of fiberglass/resin, for which "plastic (polyester and epoxy)" is substituted -are included in Schleisner (2000) . Multiplying the mass of the five materials listed in Table 1 of the previous section -plus concrete 14 -by the primary embodied energy content from Schleisner (2000) yields the values shown in Table 3 . In total, the materials used to produce a wind turbine are thereby estimated to contain roughly 6.372 GJ/kW of embodied energy, with steel and concrete together containing nearly 75% of the total.
Subtracting the amount of primary energy embodied in wind turbine materials (6.37 GJ/kW) from the total amount of primary energy consumed during the manufacturing and transport phases (9.36 GJ/kW) leaves just the amount of energy required to manufacture and transport the turbine itself: 2.99 GJ/kW. In other words, the energy consumption that is of relevance to this study is about one-third of the total primary energy required to manufacture and transport a wind turbine; the remainder is energy embodied in the materials themselves. Figure 2 earlier are generally assumed to not include the cost of foundations, concrete was excluded when analyzing raw materials costs in Section 3.5. LCA data on energy consumption during the transport phase, however, includes the energy required to construct a foundation, as well as the energy embodied in the concrete and steel that comprise the foundation. As such, it is appropriate to include concrete when calculating embodied energy (for this same reason, the mass of steel shown in Table 3 is larger than that shown earlier in Table 1 -the difference is the rebar used in the foundation). 15 One can arrive at a similar estimate coming from a different direction through a back-of-the-envelope calculation pieced together from various sources. A figure on page 53 of Vestas (2010a) suggests that Vestas factories are responsible for 9% of total primary energy consumption during the life cycle of a Vestas wind turbine, with another 8% attributed to transport and installation and the remaining 83% attributed to raw materials and Vestas' suppliers (unfortunately, this 83% is not broken down between raw materials and suppliers). In combination, Figures 5, 15, Table 2 above lists the estimated percentage contribution of the various energy sources that, at least in the Vestas 1.65 MW LCA, supply the primary energy consumed by the manufacture, transport, and installation of a wind turbine. These proportions cannot be directly used in our analysis, however, because they include the energy embodied in materials. Assuming that a disproportionate amount of the embodied energy derived in Table 3 comes from coal (Schleisner 2000) , we make a simplifying assumption that 60% of primary energy consumption (after subtracting out embodied energy) comes from the three fossil fuels (split evenly between them, and with oil taking the form of diesel fuel), with the remaining 40% coming from largely stablepriced energy sources (e.g., nuclear and renewables) -i.e., we assume that only 60% of energy consumption is subject to fuel price risk. Though approximate, these round proportions are broadly consistent with the Vestas 1.65 MW LCA (once coal-heavy embodied energy is stripped out), as well as the more-recent Vestas V112 LCA (D'Souza et al. 2011) . Detailed "end-use" energy consumption data reported in the "Sustainability" section of Vestas' web site also broadly support this apportionment. (2011) provides details on how the individual time series price data for each energy source were sourced and constructed). All three fossil fuels have escalated at rates faster than the general rate of inflation over this period. Diesel fuel and natural gas prices experienced the largest increases through mid-2008, followed by a sharp reversal through early 2009 for diesel (but rising since then), and still continuing for natural gas (at least in the U.S., where increasing shale gas production has boosted supply). In comparison, the rise in coal prices has been slower and steadier. and 16 from D'Souza et al. (2011) suggest a similar, though slightly lower, share for Vestas factories -7.4% of total primary energy consumption. Meanwhile, two different sources (Efiong and Crispin 2007, Aubrey 2007 ) suggest that Gamesa is roughly 50% vertically integrated -i.e., it makes roughly as many turbine components in-house as it outsources to its suppliers -and one of these sources ranks Vestas (7 out of 10) slightly lower than Gamesa (8 out of 10) on degree of vertical integration (Efiong and Crispin 2007) . Thus, if we assume that Vestas factories account for 7.4% of total primary energy consumption (per D'Souza et al. 2011) , that Vestas' suppliers account for at least another 7.4% (based on the degree of vertical integration at Vestas being slightly less than Gamesa's 50%, and assuming that the insourcing/outsourcing of turbine components correlates well with related energy consumption), and that transport accounts for an additional 6% (per D 'Souza et al. 2011 , and close to the 8% reported in Vestas 2010a), then the manufacturing and transport stages together are responsible for at least 21% of total primary energy consumption, or 2.32 GJ/kW based on energy consumption data reported in D' Souza et al. (2011) . This outcome is similar in magnitude to the 2.99 GJ/kW arrived at in the text by subtracting embodied energy from LCA data. 
Foreign Exchange Rates
Historically, a substantial fraction of the wind turbines installed in the U.S. have been imported, either in part or in full, from other countries. As a result, the strength of the U.S. dollar ("USD") relative to the home currencies of turbine-exporting countries has likely impacted the USDdenominated price of wind turbines over time. All else equal, the USD-denominated price of wind turbines will increase as the USD loses value, and will fall as the USD strengthens. With the USD suffering from an extended period of weakness during the years of interest to this study, exchange rate impacts could explain a significant amount of the run-up in wind turbine prices in the U.S. over this period.
Assessing the impact of exchange rate movements on USD-denominated wind turbine prices over time is complicated, however, by the fact that not only has the foreign content of turbines installed in the U.S. declined in recent years, but the mix of countries from which that declining foreign content originates has shifted over time as well. Based on trade data from the U.S. Department of Commerce, Wiser and Bolinger (2011) estimate that the fraction of installed wind turbine equipment costs imported into the U.S. fell from about 65% in 2005-2006 to 58% in 2007-2008, and then further to 40% in 2009-2010 . This most recent empirical estimate -which suggests roughly 60% local content in the US on average -is generally consistent with, or even conservative relative to, similar estimates released by individual wind turbine manufacturers: Gamesa claims to offer 60% local content in the US (Gamesa 2011) , Acciona 77% (Waggoner 2011) , and Vestas 80-90% (Vestas 2011a ). Even though it has subsided in recent years as the import fraction has declined and the degree of local content has increased, the risk of adverse exchange rate movements inflating the cost of wind turbines imported into the U.S. has been very real throughout the period of interest to this study (i.e., 2002 -2010) . Table 4 lists those countries that have accounted for the largest estimated share of wind turbine equipment imported into the U.S. over time, 16 and thereby make up the bulk of foreign currency exposure. Figure 8 shows that from the start of 2002 through the first half of 2008, the USD had lost at least 15% of its value relative to all but one of these currencies (the Mexican Peso). Of particular note, given the high concentration of wind turbine imports from Europe, USD weakness has been especially pronounced relative to European currencies: from the start of 2002 through mid-2008, the USD lost 40% of its value against the Euro (as well as the Danish Kroner, which has moved in lock-step with the Euro). To estimate foreign exchange rate impacts on U.S. wind turbine prices, we start with declining turbine equipment import fractions based on the empirical data presented above, but extrapolated back in time: 70% in 2002, 68.5% in 2003, 67% in 2004, 65% in 2005 , and then dropping by five percentage points each year until reaching 40% in 2010. Next, we multiply these import fractions by the corresponding average turbine price for each year as reported earlier in Figure 2 , to arrive at the total average dollar amount of the turbine price that could be subject to exchange rate risk in each year. Each year, we then apportion this "at risk" USD amount among the various foreign currencies shown in Table 4 for that year (grossing them up slightly so that they add to 100%), and then convert the resulting USD amounts into the corresponding foreign currency amounts using average annual exchange rates for that year. Next, we convert these foreign currency amounts back to USD using the average annual exchange rates for the subsequent year (i.e., we measure the impact of exchange rate movements over the interim oneyear period), sum them, and then subtract the resulting USD sum from the starting USD amount. Finally, we multiply this USD difference by 50% to reflect the likelihood that turbine manufacturers do not pass through (and may not even experience) the full extent of exchange rate impacts calculated in this manner (see Jabara (2009) and Appendix C of Bolinger and Wiser (2011) for a discussion of "exchange rate pass-through"). All amounts are expressed in 2010 USD.
The results, shown in Figure 3 , suggest that USD weakness added $136/kW to the average cost of wind turbines in the US through 2008. Since 2008, there has been a $15/kW reduction as the U.S. dollar has strengthened somewhat. These results can be directly scaled up or down to accommodate different assumptions about exchange rate pass-through -e.g., doubled to reflect 100% pass-through, halved to reflect 25% pass-through. 
Aggregate Impact of Turbine Price Drivers
The individual impacts of each of the seven drivers of wind turbine prices examined in Sections 3.1 through 3.7 are summarized in Table 5 . To focus attention on the overall trends, the table presents cumulative impacts over the two periods of major turbine price movements in the past decade -i.e., the doubling in turbine prices from [2002] [2003] [2004] [2005] [2006] [2007] [2008] , and the subsequent softening in prices through 2010. Figure 9 , meanwhile, shows yearly impacts, but of all seven drivers combined rather than individually; this aggregate impact (blue line with circle markers) is plotted against the empirical turbine price curve shown earlier in Figure 2 (red line with star markers). Total Impact +595 -89 (Table 5 , Figure 9 ). From 2003 through 2010, the bottom-up analysis of these seven drivers explains between 68% and 89% (depending on the year) of the cumulative empirical price movements (Figure 9 ). 17 Though by no means perfect, this track record improves upon several earlier efforts (Carbon Trust 2008 , Greenacre et al. 2010 ) that have typically failed to quantify more than 60% of observed turbine price increases.
Nonetheless, Figure 9 shows a growing gap between modeled and empirical turbine prices starting in 2005 and increasing through 2007, at which point the gap remains more or less constant until eventually narrowing in 2010. Some portion of this wedge could potentially be explained by our omission of what were likely increasing labor costs and profitability among component suppliers beginning around 2005 (discussed in Section 3.3). The magnitude of the gap -maxing out at $140/kW -is not out of line with changes in turbine manufacturer labor costs and profitability, which rose by a combined $150/kW through 2008 (see Table 5 ). Alternatively, or in addition, some portion of the gap could reflect higher exchange-rate passthrough than the 50% assumed here, or turbine design and engineering improvements (which, like scaling, add up-front costs that nevertheless result in tangible benefits) beyond the scaling effects that were analyzed earlier. Finally, some of the discrepancy may simply be due to methodological issues, such as the necessary reliance on Vestas data in this analysis, when the U.S. market was supplied by multiple turbine vendors over this period, and especially by GE Wind. 18 Ignoring these other potential influences not captured here, Table 5 shows that the four partially endogenous drivers (+$376/kW) still account for more of the turbine price increase from 2002-08 than do the three partially exogenous drivers (+$219/kW). This result suggests that, even absent the considerable exogenous shocks, endogenous price drivers still would have confounded the traditional, simple application of learning curve theory by pushing turbine prices higher even as global wind power installations doubled twice over this period. It is, however, important to note that roughly half of the endogenous impact (+$184/kW) is attributable to turbine up-scaling, for which there is a direct payback in terms of a lower cost of electricity. In other words, from an LCOE perspective, the considerable capital cost impact from turbine up-scaling is not troubling, suggesting that learning effects for wind power should, arguably, be measured through LCOE rather than the more traditionally used turbine prices (or installed project costs).
Finally, it is clear from this analysis that there is no single, dominant factor that drove turbine prices higher from 2002-08, or that has yielded lower prices since that time. Turbine up-scaling is, by a significant margin, the largest single driver, although as noted above, the estimated price impact associated with up-scaling can be seen as a reasonable expense given the performance improvements garnered by larger turbines. Currency movements are also found to have played a sizable -though somewhat uncertain -role, as did changes in labor costs and material prices. Changes in manufacturer profit margins, warranty provisions, and especially energy prices are found to play a less significant, but non-negligible role.
Looking Ahead
The analysis described in Section 3, with results summarized and discussed in Section 4, extends through 2010. At the time of writing, however, three quarters of 2011 have already passed, begging the question of how turbine prices have moved so far in 2011 and how the drivers highlighted in this article have been impacting those prices. Vestas (2011d) reports that Vestas' average (nominal) price on new orders worldwide during the first half of 2011 was 967 EUR/kW, down 2.5% from 992 EUR/kW in 2010. Bloomberg NEF (2011c) suggests a steeper decline, as the price of turbines within its sample that were contracted in the first half of 2011 for delivery (worldwide) in the coming twelve months fell to 940 EUR/kW, a 7% decline from 2010 levels of around 1,000 EUR/kW. Bloomberg NEF (2011c) goes on to note that the U.S. is a lower cost market than most of Europe, with average pricing pegged at $1,100/kW (i.e., consistent with the 2011 turbine price range presented earlier in Figure 2 ).
Declining labor costs and warranty provisions appear to be have enabled some portion of the decline (Vestas 2011d) , while ongoing compression of profit margins among turbine manufacturers and component suppliers may be another contributor (Bloomberg NEF 2011c , Hauser 2011 , Vestas 2011e, Weiss and Schneeweiss 2011 . Though all three exogenous drivers examined in this article generally pressured turbine prices higher through the first half of 2011 (Figures 6, 7 , and 8 -which show real changes in materials prices, energy prices, and foreign exchange rates, respectively -all extend through June 2011), these three drivers have since reversed course, with commodities prices generally falling and the dollar strengthening against most relevant foreign currencies in the third quarter.
All that said, as of mid-September 2011, some market participants were noting that turbine prices in the U.S. had nevertheless begun to move somewhat higher as a result of the rush to have wind turbines under contract before the end of the year in order to qualify for the Section 1603 Treasury cash grant.
19 Thus, it is not yet clear whether the turbine price reductions seen during 19 The Section 1603 grant was originally enacted as part of the American Recovery and Reinvestment Act of 2009, and provides a 30% cash grant in lieu of either the Section 48 investment tax credit ("ITC") or the Section 45 production tax credit ("PTC"). In order to qualify for the grant, wind projects must be "under construction" by the end of 2011, and must achieve commercial operations by the end of 2012. Based on "safe harbor" guidelines issued by the U.S. Treasury, one way in which projects can qualify as being "under construction" is to incur more than 5% of eligible project costs by the end of 2011. In many cases, developers have been complying with the 5% safe harbor by contracting for turbines in 2011 with the intent to either take title to or delivery of a sufficient portion of those turbines in order to meet the 5% threshold by the end of the year.
the first half of 2011 will persist through the second half of the year, or how the full-year 2011 numbers will compare to 2010.
The apparent late-year rush induced by the pending expiration of the Section 1603 grant program does, however, highlight another turbine price driver -though of an indirect nature -not yet explicitly discussed in this article: policy risk. The short-term, start-and-stop policy support for wind power that has existed in the U.S. since the production tax credit ("PTC") first expired in mid-1999 created inefficiencies, artificial demand shocks, and sub-optimal investment through at least 2005 (Wiser et al. 2007 ). In part as a result, in 2005 when the PTC was for the first time extended (for two years) in advance of expiration, the resulting surge in demand led to major supply bottlenecks, higher labor costs, and rising profit margins -all of which (together with the other endogenous and exogenous cost pressures examined in this article) pushed turbine prices higher. By the time the industry eventually caught up to demand through increased investments in manufacturing and supply chain infrastructure, the global financial crisis of 2008/2009 had wrought significant demand destruction, leaving newly built manufacturing plants operating well below capacity in some cases (Bloomberg NEF 2011c). The Section 1603 program, with its offering of a 30% cash grant in lieu of the PTC, helped to restore demand to a degree, but is now -along with the PTC -also nearing expiration, with no clear guidance as to what, if anything, might replace it.
Having ramped up manufacturing capacity in local markets in order to meet demand while also minimizing transport costs and mitigating the risk of adverse exchange rate movements, the industry is now more robust than it was in 2005, which should enable it to focus more on driving the cost of wind energy lower, regardless of the policy environment. Even still, whether the cost of wind energy continues down the long-term downward-sloping cost curve from which it departed in 2002 -but with which it has recently re-engaged -may ultimately depend on what types of policy support are put in place post-2012. Long-term, stable policy support -even if it includes a scheduled ramp down over time to progressively wean the industry off of public support -should enable the industry to capitalize on the investments that it has already made while also planning for the future. A continuation of short-term, stop-and-go policy support, on the other hand, may lead to further rounds of artificial and inefficient demand shocks, with consequent impacts on wind turbine and wind energy pricing.
